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AEifiTKACT 



Schetky, Kalcolr. L'liphant , S. ( lricust.r la] , Purdue Uni- 

versity, June 195‘>. An InvestigaMon of the effects of Syn^etry in 
Industrial Assembly Operations, Major Frofeiisor: Hewitt Young 

The purrcse of this investir,^'^t ior was to study the ffect of syn- 
ip.etry upon the tii’rie required for the uositloning and assenbly of nating 
parts which' had various d»»rrees of s^T.v^r*try , '‘Decrees of syinnetry” was 
defined as the number of ways a p<irl c ,»u1j b^* oriented about its axis 
while being assemtj.ed into a matir;g part. 

Fourteeri operators performed tie exp>cri ’ient , which cor sisted of u 
repetitive assernrly operation, witr. nine differently *'qiaped parts, each 
having a different number of degrees of syir’j'.etry . The operation was 
performed with one shape at a tine in an apparatus requiring tram sort 
loaded (TL), position (P) and assemble (A) therbligs followed by disas- 
sembly and discard of tie part. 

The data were subjected to the analysi,*- of variance techriique, arid 
it was showTi that tte sycnnetri of the parts had a signif icar:t effe^ct 
upon tne tuoes re ;ui I'ed for eaon of the above therbl.ig.. . Throup;: the 
use of a regression ariaiysis, tie average time for pusit ion-and-assembly 
(P’fA) was shov^'l to have a lin«-er relationship to -derxees of symmet.ry. 

It was further suggested that 12 degrees of •^y’nnetrj may be the ’’Ceaxinum 
n'imber which need be considered, and that parts havirg 12 or rnort ae- 

considered t: be syrrcnotrical . 



grees of symmietry car. be 



AN INVliSTIGATION OF THE EFFhCTO OF OYI-C-l£Ti(Y IN 
INDUSTRIAL ASSEMBLY OPERATIONS 



INTRODUCTION AND i^URPOSE 

In a study of predetermined time systems, only a few were found 
to give consideration to the symmetry of objects. The presentation of 
data in most systems neglected the symmetry of parts in tabulating 
times for position and assembly operations. Some systems which have 
considered it, did so only by the addition of a degree of control. 

The Methods-Tirae-Measurement^ or MTM system did present a thre?- 
factor tiV)ie for Position elements based on symmetry, class of fit and 
ease of handling. For the factor of symmetry, objects are classified 
as symmetrical, serai-symmetrical or non-symnetrical. These are defined 
as follows. 

Symmetrical; Object can be positioned in an indefinite 
number of ways about the axis that coincides with 
its direction of travel. 

Semi-syrametrical; Object can be positioned in several 
ways about the axis that coincides with the direc- 
tion of travel. 

Non-syrametrical; Object can be positioned in only one 
way about the a^s tnat coincides with the direc- 
tion of travel.-^ 

2 

Dr. Ralph Barnes , in presenting standard time values for the ele- 
ment of "place", considered the size of the object and the types of grasp 
as a combined factor versus the amount of positioning required. The 
standard times established for place were based on data wiiich included 
transport loaded, position (pre-position), and release load. Symmetry 
of the part was considered only when it varied the amount of positioning 
required. Of the several conditions established for the eleraent of place 
in determining the proper selection of a standar>l time value, conditions 
C and D are of interest; 
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Condition C: Positioning of parts on or into difficult or 

complicated locations, assemblies, or fixtures requiring 
the positioning of parts vdth respect to two definite 
points, or location in two directions. 

Condition D: Positioning is much the sane as Condition C 

but in addition may involve close tolerances, greater 
care of finishes, three or more points or direction of 
location, or final application of force to assemble.^ 

Dr. Irwin Lazarus^, in his discussion of a predetermined-tine 
system, considered symmetry in conjunction with "degrees of restric- 
tion". The time values in the table for "position" were dependent 
upon the nvuaber of directions in which accuracy was necessary when 
locating the piece. Of the two major types of restriction — locational 
and orientational — only the latter was of interest vdien concerned with 
symmetry. All of the six degrees of restriction discussed were con- 
sidered as adding equally to the time of positioning. An example of 
possible combinations of degrees of restriction are: 

Five degrees of restriction could be represented by the posi- 
tioning of a cube into a congruent hole only slightly larger 
than that cube. Locationally, the cube would require align- 
ment in the transverse (sideways) direction and in the for- 
ward and backward direction, but it would be free vertically. 
Orientationally the cube would be restricted in all three de- 
grees of roll, pitch, and yaw. 3 

A syTnraetrical object such as a cylinder was considered by Lazarus 
to have only four degrees of restriction as it was free to yaw about its 
vertical geometric axis (simple rotation). 

Symmetry was not considered but may be a faod^or in another aspect 
of time study — that of rating. Dr. Marvin Mundel^, in making secondary 
adjustments to original observed data, considered the factor of eye-hand 
co-ordination as one adjustment and, in so doing, made allowances only 
for the tolerance of placement. He stated that ecqaeriments had shown 
the times for extremely simple cycles were increased by 11 to 25 per 
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cent when eye-liand co-ordination was radically increased. A possible 
factor which affected the co-ordination required could be the syrametry 
of a part. Any object which is not symmetrical necessitates additional 
hand control in assembly operations. 

It was the puroose of this study to determine if symmetry (1) can 
be classified by specific and less all-encompassing terms, and (2) 
should be given greater consideration in assembly operations. To ac- 
complish this, the term "degrees of symmetry" was introduced and de- 
fined as the number of ways that an object could be oriented about 
its axis while being assembled into a mating part. For example, a cy- 
lindrical object, which by l-fTM standards was symmetrical, would have 
infinite degrees of symmetry; and a square, which in MTM is classified 
as semi-symmetrical, would have four degrees of symmetry. Any object 
which wSiS non- symmetrical would have only one degree of symmetry. 

With an aim towards simplification of the experiment and its later 
analysis, the variables considered were reduced to a minimum. Those 
variables which could not be eliminated were randomized or neglected 
as being insignificant. ScHoe variables could not be controlled at all 
for the experiment. These included the emotional state and the motiva- 
tion of the operators and their activities, both mental and physical, 
just prior to the experiment. It was recognized that the operators 
selected did not necessarily represe.nt a random sample of the industrial 
popiilation. They were, however, chosen at random from a group of gradu- 
ate students enrolled in the Industrial Engineering courses at Purdue 
University. They were all familiar with time and motion study principles, 
and it was hoped that this would serve to provide the proper motivation. 
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The variables considered were the operators and the synunetry of the 
parts. Other possible variables such as type and condition of grasp, 
clearance, motion path and direction of transport were standardized and 
were so selected as to be as near the "ideal” as possible. Handles 
were attached to each male profile part and provided a three finger and 
thumb grasp which was easy to pick up and in most cases provided maxi- 
mum control . The condition of grasp was the best possible in that the 
parts were pre-positioned for grasp and the grasp was not hampered by 
other objects in contact with the object being grasped^. The location 
of all of the assembly elements were in the preferred section of the 
work area, particularly where visual direction was required^. Due to 
the light weight of the parts, which was equalized for the different 
profiles, weight was not considered as a separate factor. Total weight 
of a part and handle was 3 l/2 ounces. 

It was an hypothesis of this study that the symmetry of a part was 
a quantitative variable which could be used to select a proper time 
value, in pre-determined time systems, for position and assembly opera- 
tions. This sjrmmetry variable might also be a factor to consider in 
rating the difficulty of some assembly operations. Some difficulty was 
expected in determining the exact division between the end of the posi- 
tion therblig and the beginning of the assemble therblig. In that these 
therbligs often occurred in conjunction with each other, it was believed 
that more emphasis should be placed on the analysis of data for the times 
of position-and-assemble therbligs (P+A). The terminal points at the 
beginning of position and at the end of assembly were determinable to a 
much greater accuracy, and conclusions based on the combined times (P+A) 



4 



5 



were expected to be more reliable than if based on times for the indi- 
vidual elements of Position (P) and Assembly (A). If it could be shovm 
that there was a significant difference in the times for positlon-and- 
assembly of mating parts having different degrees of symmetry, then a 
regression curve might be found which would establish a positive rela- 
tionship between position-and-assembly time and the degree of symmetry 
of the mating parts. 



I 



6 



APPARATUS 

The apparatus was designed to provide for the measurement of the 
times to complete four therbligs in a repetitive assembly operation. 

All of the items of equipment used in this experiment are listed with 
complete specifications in Appendix E. Those therbligs timed were 
Transport Loaded (TL), Position (P), Assemble (A), and Disassemble (DA). 
Other therbligs in the cycle were not measured, although an overall 
time could have been determined for them. To measure the elapsed times 
for the various therbligs, several detection devices were connected to 
three solenoids of a tape-recording kymograph^ (Plate I). When actuated 
by external electrical contacts, the solenoids cause individual pens to 
Jog approximately one-quarter of an inch transverse to the movement of 
the kymograph tape. The kymograph drive is powered by a constant speed 
motor which pulls the tape under the pens at a constant velocity of 5^2 
inches per minute (1 inch in 0.0018 minute). Times for various therbligs 
are determined by measuring the distance between deflections of the ink 
traces. To measure these distances a transparent scale calibrated in 
0.0001 minute may be laid, over the ink traces and the times determined 
as indicated in Figure 1. 

An 18- inch turntable (Plate II), powered by a variable speed drive 
end turning at 6.8 rpm, was used to move the male profile parts from the 
release point at the right hand end of a table slot to the pickup point 
at the left hand end with respect to the operator's view. The turntable 
was so placed beneath the table slot that as it turned, the parts bumped 
against the slot edge before coming to rest against a gate at the left 
hand end of the slot (Plate III) . Bumping the slot edge caused the 
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PLATE I 
KYMOGRAPH 
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FIGURE I 

REPRODUCTION OF KYMOGRAPH TAPE 



9 







PLATE II 



tX^UIPMENT ON TABLE SHELF 
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PLATS III 

TOP VIEW OF APPARATUS 
FROM 

OPERATOR'S STATION 
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profile parts to rotate and served to randomize the orientation of the 
profiles. The pickup point and release point were lU inches apcirt and 
equidistant (16 inches) from the assembly point. 

To determine the start of the TL therblig, a gate arrangement was 
used. The pressure of a part being oushed by the turntable against the 
gate caused it to swing and actuate a microswitch behind it. As a part 
was picked up, the pressure of the microswitch spring moved the gate to 
its original position. In that the normally open contact of this micro- 
switch was used, it closed when a part pushed against the gate and thus 
energized solenoid No. 1 of the kymograph (Figure 2). V,Ihen the part was 
removed at the start of the TL therblig, the niicroswitch contacts opened 
as the gate moved to its normal position. This de-energized the solenoid 
circuit again causing a deflection in the ink trace and indicated the 
start of a cycle. 

The end of the TL therblig was also the start of the P therblig, 
thus this event was signaled by the same device. In that positioning 
was assumed to begin when the part was close to the assembly point, a 
proximity (PX) measuring device was developed. This consisted of a bar 
magnet clamped to the table and a Glaswitch taped to the operator's 
wrist (Plate IV). The Glaswitch is a dry-reed switch sealed in a glass 
capsule v^iich is actuated by an external magnetic field (Plate V). The 
magnet was adjusted positionwise so that the Glaswitch closed as the 
operator moved his arm over the magnet and the male profile part was at 
a distance of 1 1/2 inches from the assembly point. When actuated, the 

Glaswitch — E- 56 OO Magnetic Dry- Reed Switch developed by the 
Revere Corporation of America, Wallingford, Connecticut. 
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FIGURE 2 

WIRING DIAGRAM FOR ELECTRIC DEVICES 
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PLATE V 

GLASWITCH 

AI^D 

PROXIMITY DEVICE 



15 



Glaswitch completed the circuit to a six volt DPDT proximity relay. 

The normally open contacts of one pole of the PX relay were connected 
to pen No, 1 of the kymograph and caused it to be deflected as long 
as the operator's hand was near the inagnet. The normally open con- 
tacts of the other pole of the PX relay were connected in series with 
the normally closed relay contacts of a photoelectric (PE) relay to 
pen No. 2 of the kymograph. IVhen the PX relay was actuated, it com- 
pleted this circuit and caused a deflection in trace No. 2 which indi- 
cated the beginning of the P therblig. At the same instant it completed 
the circuit to pen No. 2 , it completed the circuit to pen No. 1 and 
caused a deflection in trace No, 1 which indicated the completion of 
the TL therblig. 

The end of the P therblig was signaled by the actuation of the 
photoelectric relay mentioned above. \Vhen actuated, this opened the 
circuit to pen No. 2 and allowed it to return to its original position. 
The PE relay was actuated by the interruption of a light beam directed 
across the top of the female profile part moxmted in a fixed position 
at the assembly point (Plate IV). At the same instant that the nor- 
mally closed contacts of the SPDT PE relay opened the circuit to pen 
No. 2 , the normally open contacts completed the circuit to pen No. 3 
and caused it to deflect. This gave an indication of the beginning of 
the assembly time. As the male profile part was completely assembled 
into the female mating part, the completion of the assembly therblig 
was indicated by depressing a microswitch (Plate VI). The normally 
closed contacts of this microswitch were placed in series with the nor- 
mally open contacts of the PE relay such that, when the microswitch was 
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depressed, the circuit was broken and pen No. 3 returned to its normal 
position. 

The various devices and the kymograph pens worked in the reverse 
order to that described above as the part was disassembled and moved 
to the release point on the turntable. 

A solenoid-operated counter, used to keep count on the number of 
cycles performed by the operator, was actuated by a normally open SPST 
microswitch situated to the right of the kymograph (Plate VII), The 
observer watched the recording tape to see that all circuits were func- 
tioning properly and depressed the counter- switch for each completed 
cycle, wliich advanced the counter one digit. 

Figure 1 shows a sample reproduction of the record made by the 
solenoid-operated pens on the kymograph tape. The pickup device (PU) 
caused a deflection in line No. 1 only. The proximitj' device (PX) actu- 
ated pens No. 1 and 2 and thus caused deflections in both lines No. 1 
and 2. The ohotoelectric relay (PE) was connected to both pens No. 2 
and 3 and caused the deflections indicated. The microswitch (MS) at 
the base of the mating parts affected only line No. 3. The times for 
the therbligs TL, P and A were measured as indicated. 

All male profile parts had an overall length of 1 1/2 inches and 
could be inscribed in a circle 1 1/2 inches in diameter. This was done 
to keep their overall outside dimensions approximately equal. These 
parts were made of aluminum to keep their weight at a minimvini. The to- 
tal weight (3 l/2 ounces) of each of the parts was equalized by the re- 
moval of material fran the interior of the heavier parts. The female 
mating parts were constructed from a block of oak 4x3 7/8 inches with 
a center profile section of plastic steel. The plastic steel is a 
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combination of approximately 80^ steel and 20 % of a newly developed 
plastic under the trade name of Devcon. while being molded, it was 
of the consistency of modeling clay and became an extremely strong and 
rigid metallic piece after approximately two hours hardening time. A 
clearance allowance of 0.0034 inches, to provide an A.S.A. Class 1 
Loose Fit between the male and female parts, was obtained by wrapping 
the male profile parts with two layers of cloth tape before using them 
as patterns in forming the profile section of the female parts from 
plastic steel. 



Devcon — "The Plastic Steel" developed by Chemical Development 
Corporation, Danvers, Massachusetts. 
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PROCSDUIii- 



In order to determine the effect of symmetry upon position and 
assembly therblig times, 9 profiles were investigated (Plate VIII). 
The primary group consisted of 6 parts having decreasing degrees of 
symmetry. Parts in the secondary group had only one degree of sym- 
metry and were considered to be non- symmetrical. 



Group 


Part No. 


Profile (Cross Section) Degrees 


of Syxometry 


Primary 


1 


Circle 


eo 




2 


Hexagon 


6 




3 


Square 


4 




4 


Equilateral triangle 


3 




5 


Rectangle 


2 




6 


Rectangle with rounded corner 


1 


Secondary 


7 


Circular with keyway 


1 




8 


Circular with key 


1 




9 


Circular with 4 pins in base 


1 



The operator was first asked to read the "Instructions to Operators" 
(Appendix A). Questions were then answered and the equipment was demon- 
strated. Prior to recording any data the operator was given a five min- 
ute training period, and for this all operators used Part No. 1, with 

the circular cross section. Before proceeding, all operators expressed 

the feeling of being familiar with the equipment and its operation 
cycle. 

The various profiles were presented in a random order (Appendix B) 
to minimize any effects of learning and fatigue upon the times measured. 

In presenting a particular profile, the female mating part was positioned; 
one male part was placed in it, and a duplicate male part was placed on 

the turntable. V/hen the latter had reached the left end of the slot, the 

operator was instructed to start the run. So that the operator could 
establish a steady performance rate, he was allowed to complete ten 
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PROFILi) PARTS 



cycles before the kyraogrBfjh wais ener^^^izod. Tb.e counter viHS used to 
iniuire that at least fifteen cycles were recor.ied, kv^no^raoh was 

then stopped and the next sot of parts placed ir. positior*. If an opor.i- 
tor fuubled, a raark was made on the Kyno^raph tape to ao ir.dicate, and 
that particular cycle was not considered in analyzing the datv= . 

Operators occupied a standing oosition in front of the assembly 
area. They were so positioned that their foreanus followed a straight 
line directly over the assembly area and the magnet* This w?is necessary 
to insure proper operation of the prv^xLuity device* 

The entire experiment required, on the average, thirty ninutos per 
operator. This was divided into ten minutes for the instruction and 
training period and the remainder for actual operation to collect data, 
£ach profile phase took approximately two minutes to obtain the data 
and exchange parts for the following phase. 

The data were recorded (Appendix d) by measurement of the tines for 
the three 'therbligs of interest in the invest igatiotu All times for 
the Transport Loaded (TL), Position (p), cind Assemble (A) therbligs 
were recorded to the nearest 0.0301 minute. The data was summarized 
for each therblig by computation of the raii 3 e and average values for 
each profile and for each operator (Appendix C, Tables 2 to 5)* In a 
few cases only thirteen or fourteen valid readings were obtained. To 
equalize the number of readings in each cell (a cell was considered to 
be a combination of the tth operator and the Jth profile), it was de- 
cided to consider only the middle ten reading^) (Appendix C, Tables 6 to 
19). The first two readings were neglected to remove the effect of any 
distraction of the operator's attention wtiich riight have resulted when 
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the k^/mograph was started. The last three readings were not considered 
so as to equalize the nuraber of readings in each cell, which sinplified 
later codiputations . The range was taken as the difference between the 
rainimua and the raaximiini time values of the ten readings considered. 

The data for each of the three therbligs wire tested for signifi- 
cant difference between the means by the Analysis of Variance procedure 
described by Dixon and liassey^ for a two-way classification of data. 

Further analysis was performed to determine the type of regres- 
sion^ for position-and-asse.mble times (P+A) on degrees of syncetry. 

The regression curve was based on the data for parts Nos. 2, 3, A, 5, 
and 6 only and extrapolated to deteruine w}^at aamber of degrees of 
symmetry corresponded with, the time value obtained for the syrametrical 
part (cylindrical profile). 

All data in appen<lices were recor-ied as .".INUTdS x lO”^. 



A 



RhiiULT& a:;: 



The results of tr Is ex’.er as tabulateci in tie Sunimary Jat-.-., 
Appendix C, Tables 2 to S indicated that tie averof;- tines of the 
tranuport loaded (TL) , positi -r. (P), and arsenvble A) tt.erolif.s and 
for the conbined tines for •■)< si ti on-ario. -a ssenl iy vF^Aj were all af- 
fected significantly by the b;.''-j-.etry cf the part tf’uig a i-re'-i-led . 

The analysis of variance was liiaitei to tl.e dfterninat . on ^f «i:etrer 
that variation at trilritablr t'-' i -^e ..-r of jogres s ..f synr.ttr> ol 

a part was significan‘ . The r-n.lts of the F test w- re f-Uow*. 
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The -analysis of variance teennioue, ae’.tloced to niC.^otate the 
analysis and inter],'relat i -in. c dat;> fi 'in ^ai '*ratx'ry exr <-i -.-.neiit » , n 
on. res certain a.aoumrti >nn about tne. data to be studied, one of these 
is U.at all of * he cell variances are hor.oneneou' . .his ; yrotni'i is 
of hor.'.o<^eneity of variance was tested ny oo-nannn t nf ranine of v^l'.n.-s 
in e.ach cell to : ir/rcl U nit'-. If t'.e :< nre^ for all :ells 

are within the 3-sig^«‘ c.t.^rn,! l.-nit.*, t- <• s.s?n-irt:on . f h jmoyer.e i .s 
variances ciay oe ci r;Sidered va . la 1 .pTendi/, . , .line * ■-' . In 
this te.st on tie se’ s of s. -rir-rv iota •’or trie f or tr.eri.iigs .Talnes 
2 to t) , the ranges of time v'alues for several operatois lor oart 
No. 9 were '’ar outsdde- the f-.-’irm.o control limits. Tl is we -i i i-- in 
part te a crfii/y I-, r..‘lh.»i int'fCu I cy ..o x- oneratc.'s luring the .1 
therbllg- The vari.\tio: coi.sisti-i of a n.iy.t, n<isitati.yn wr.ilo the 
part wa^ s'wung sii. ways to ob.sr-ve tne or.ontati.' of the orongs and 



I 



4 



osit itni; ri 


ir.ny the 


Tu *he-' 


v.^'ce in otrac 


. • a ' ^ -1 a » 


"'uxi'Vi t 



' -'I 1 K: ^ K 'r: i for 

tr,e otr.er r’-nts. to i* •'., l.:i» iv'irt aai^ti-nal 

control aiii •-ol in t'nore Loin; two :.l!>tir4ol pnn'.^o di;rir.^- ty.n c.s- 

5*’nbly (a) tK‘j:'V); iy . In l)\-j tirr-t })bare the pr >n,'o w-n-o ast emble.i Irito 
the ..ippA»r section of tn»’ o«rt^ and waiS ac^. '-r''! i >t e 1 rela- 

tively earsily, T' c^cj^A pta'ie- of no . itionln;^ ani asr>enoly of the 
pr>nyy' irt.o their "^.atinf hole^ pr^)viierl conaiier-ihLe aifficilty for 
some operators. For th.e ab''ve reirona, nart h;/. wa> not jonside^roJ 
to bo co.mparable to the other parts .ir i its data w^•re n^t used In th.e 
remainder of th.e ana?ys5e. 

h'ew average values of the range (nj were found c^ni the contr. 1 
limits roromo\Ated (Table f 0) . The remainitip u'.rts .»vre fe^t to sat- 
isfy the requirement for homom-'^nei t > ;f variance and the aiialysln if 
variance was nerfcrr.ei ^r. narts Nos. 1 to ^ . 

In that only the aver-ige value, Y, va" used in tne ai..i].y is 
(one replicatiori per Lr?Il), no separat- cf t;W‘ error tenn w.-is 

obtained. Thcrel'orc, r.'J test was naJe for the .e ..rni firance of tiie 
other sources variation, and the co:.i}>onent5 of varian^.e were r,ot 
determined. The nxpocteci Mean Svaares were as follorc,.: 

Source of Variation Fjciocted Mean Sou-re 

C [ Random Factor] (J~^/ - lOn cT^' 

-Jun (T, 



Cr 2 - n (T^. ? 

e o 



P [Fixed Factor] 

OxP (r.rror) 

wher^ n was the nirnber of readings per ce21 us<>d to connute the av~ 

^ 

erage time values f-s* estimate of CT” ‘ was obtained t>y ;on.>riera- 

11 e 







9 







ti:>n of tw fact:>r d., for t ^o central lirio ef tl.e cc'tc'^ .i. y'lart for 

iC 

7 

range 55 : CT^ n il 

d-, 

Aw 

T5y applicatio:; of the regression thO‘:>ry, the cui*ve for tre re- 
,^,re?3Sion of t i ne to posi tion-ar: i-ar.seino.le (r-A) on ie^^rees of symmetry 
aus deterjiine‘1 . Jo»riputat itv»s were onaed on thr priin^iry f^roup of parts 
with the exception of part ho, ]. This s}^nrrietri ; al i^art had infinite 
decrees of symmetry and it was not possible to dete'n;ine a reasor able 
numler of degrees of s^Tinet ry t:^ be assigned for the regression ariaiy- 
sis. An analysis of variance on thi set of opta again sr.ov/ed the 
effect of degrees of s/iunetry tc- s igni.f leant , uivl the peroentaye 

of the variation of times wnich could he accounted for by a regres- 
sion curve v^as The regression lint developed was extn-apolatrd 

to determine what minher of degrees of coul" usen to ap- 

prOwXimate those of a r;.^''et rical part. Tnio wa.s detrc Mr^ cl b.y tr.e 
intersection of the regression line and a line drciwi\ through the time 
value obtaLned for the true symmetrical tvi rt (Fig'jre 3). It was folt 
that t'-.e times determined for parts havir^g 1 and a d«;grees of syranetry 
we"'e lov;er than they shoulfl be. It is believed that t.as was due to 
the uarts being rvirtially orie.oteu at the pick-up position which 
reduced the total tine required. It is sug/^ested ttat future -xperi- 
.ments investigating this phenomenon introduce more posit randomi- 
zation of the orientation of both the male pn»file narls a.uvi the fe- 
male noting part. 

The results of the analysis of variance and th< regression analy- 
sis inaicated that the time required for tre therbli/.s wtiic.h comprised 
the asseiri ly operation were affected by tl^e degrees jf syuunotry. The 



B 



i 



^3 



regression of times to oosit Lon-and-a -isemble (P^-A) )n degrees of syin-* 

metry was shown to be linear, and a regression curve of the form 

Y r b/-. bT (X . - X) was found to be the ’’best fitted” curve based 
X 0 1 J 

on the data for parts wr^ich had 1, 2, 3| 4, and 6 degrees of symmetry , 
For tnese parts the linear regression line accounted for of tne 
variation. 

If it can be assamed that the linear regression trend would hold 
for parts having greater than 6 degrees of syr.imetry, tb*" extrapolation 
performed indicates that the tijfie detemined for the symmetrical part 
might also be exi^ected for a part havLng aprroximately 12 degrees of 
symmetry. H may therefore be possible to consider any part having 
12 or more degrees of 5ymi''etry as oeLng symrrietrical for the purooses 
herein discussed, and 12 degrees of syirimetry are suggested to be a 
possible maximum namiber w^;ich need be considered in further investi- 
gations. 

It is noted tliat tne difference in tne average times to position- 
and-assemble (P+A) parts having one and infinite degrees of symmetry 
was 45.2 X 10**^ minute, and the differ^'ncc in the average times for 
parts having one and six degrees of symmetry was 20.2 x 10"^ minute. 
Thus the percentage increase in time to position an.i assemble a part 
having only one degree of symmetry over the time required for a sym- 
metrical part was approximately 50jb, 
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APPliNDIX A 

insthu;;tion to operators 



This experiment is designed to investigate the effects of sym- 
metry in industrial assembly operations. To do this, you will be pre- 
sented nine different parts which you are asked to assemble as described 
below. Prior to recording any cycles, you will be given a five minute 
practice session. This will enable you to become familiar with the 
equipment, its operation, and to establish a smooth rhythm. After the 
practice session you will be given a short rest period while the equip- 



ment is adjusted. 

Please read the instructions and if there are any questions, I 



shall answer them, demonstrate the procedure and explain the operation 



of the equipment. 

Position 1. Stand directly in front of the assembly area 
and place your left hand on the table. Keep 
left hand on the table at all times while 
conducting the experiment. 



2. Assist observer in attaching proximity device 
to wrist and pinning cord to sleeve. 

3. Grasp part indicated and hold it while magnet 
is adjusted. 

Procedure 1. Grasp part using only finger tips and thumb 
tip of right hand. 



2. Move part to assembly area, position it as 
necessary and assemble it into the mating 
bushing in front of you. 



3. After part strikes bottom, release it momen- 
tarily, then re-grasp, lift it out and move to 
right end of slot. 
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U. Place part on the turntable and release it. 

(Be sure part is upright and will not topple.) 



5. Move empty hand to left end of slot, grasp 
other part and repeat cycle. 

Precautions 1. Work as rapidly as possible maintaining a 
smooth and rh 3 rthmical pattern of motions. 



2. Do not drop part into mating part — assemble 
by hand and then release it momentarily. 



3. Place part on turntable naturally at extreme 
right end. Do not drop it. 

4. In moving from Pick-Up part to Assembly 
Area, keep arm straight. Align part by 
use of fingers and wrist rather than 
swinging arm to side. 



NOTES: The only times being measured are the 

Transport Loaded 
Position 



and Assemble 

Other portions of the cycle are neglected so that any time- 
lag while discarding the part will not disrupt the readings. 



Thank you immensely for your co-operation and assistance in this 
experiment. 



K. 0. Schetscy 



APPiI»I)U B 



a. Sequence of na 

b. Parts numbered 

Part No. : 



Operator No. 1 

A 1 

B 7 

C 6 

D 1 

F. 3 

F 6 

G 8 

H 8 

I 6 

J 4 

K 7 

L k 

M 1 

N 2 



Table 1--Part Sequence 

'ta determined from table of random numbers, 
as follows; 

, j 1 ■ .,7.-0 

OOD ‘^'=' ’=‘00© 

Part 3e queue e 



3 

u 

3 

3 

5 

8 

'? 

f 

1 

9 

8 

r> 

I 

3 

U 



9 

8 

9 

7 

1 

9 

6 

9 

8 



6 

3 



A 

o 



8 

T 

3 

5 

u 

3 

2* 

8 

8 

8 



7 

2 

3 



2 

8 

6 

9 

1 

7 

9 



3 

b 

6 

0 

A 

9 

7 

A 

3 

2 

A 

9 

A 

1 



8 

1 

> 

6 

'j 

2 

A 

1 

2 

3. 

3 

3 

C 



6 

3 

1 

9 

o 



3 

3 

c 

c 

6 

9 



<■ 

5 
A 
A 

7 

1 

6 
9 

J. 

7 

1 

3 

6 
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APPiiNDIX C 

Table 2 
SUM»'JvRY DATA 
FOR 

TIiANSPORT LOADED (TL) THERBLIG 
Profile 



OPER 


1 


2 


3 


4 


5 


6 


7 


8 


9 


A 


R 


U 


12 


10 


5 


5 


28 


16 


36 


45 


A 


Y 


U2.U 


40.9 


46.9 


43.9 


40.0 


56.8 


50.7 


51.9 


86.7 


B 


R 


9 


16 


7 


30 


13 


18 


36 


17 


33 


Y 


65.1 


64.3 


65.7 


75.1 


59.7 


83.3 


81.7 


86.2 


105.9 


p 


R 


lA 


15 


28 


15 


2 


42 


16 


20 


44 


U 


Y 


62.6 


64.2 


72.4 


69.5 


65.4 


90.1 


92.0 


77.8 


89.9 


n 


R 


12 


12 


15 


17 


19 


19 


32 


13 


15 


u 


Y 


64.1 


54.7 


57.7 


65.3 


57.7 


72.7 


67.4 


67.2 


92.9 


I? 


R 


5 


21 


17 


26 


16 


17 


42 


14 


32 




Y 


62.2 


72.3 


68 . 4 


70.1 


72.5 


84.2 


80.2 


93.2 


101.4 


c» 


R 


13 


21 


47 


15 


11 


16 


32 


36 


27 


r 


Y 


64.4 


73.8 


67.4 


74.5 


70.1 


7i..7 


85.6 


104.1 


122.4 




R 


15 


7 


9 


7 


15 


25 


20 


26 


31 


G 


Y 


61.8 


62.1 


68.8 


63.0 


81.1 


68.2 


75.6 


91.0 


116.4 


H 


R 


9 


10 


5 


12 


12 


16 


18 


6 


18 


Y 


58.5 


61.3 


58.2 


60.1 


57.5 


58.3 


64.6 


73.0 


77.4 




R 


6 


16 


7 


9 


19 


21 


23 


30 


34 


I 


Y 


53.7 


55.2 


51.3 


56.6 


64.4 


82.7 


70.4 


58.1 


113.0 


▼ 


R 


15 


7 


10 


14 


13 


14 


15 


31 


78 


J 


Y 


42.6 


47.3 


50.2 


49.1 


51.5 


57.7 


60.8 


70. C 


156.3 


K 


R 


16 


46 


21 


22 


20 


31 


24 


16 


35 


Y 


53.7 


71.1 


62.4 


71.5 


73.4 


75.3 


88.1 


78.4 


142.9 


T 


R 


13 


27 


20 


21 


7 


21 


24 


17 


24 


L 


Y 


50.2 


57.0 


62.5 


70.3 


51.7 


62.8 


88. 4 


77.7 


121.6 


M 


R 


5 


13 


20 


11 


11 


9 


18 


17 


30 


Y 


73.6 


65.7 


77.5 


64.7 


66.0 


82.4 


69.9 


68.9 


117.8 


N 


R 


5 


9 


10 


10 


12 


20 


29 


22 


65 


Y 


52.8 


49.4 


52.9 


U*.3 


58.7 


52.4 


83.7 


69.7 


114.0 


R., 




lU 


232 


226 


214 


175 


297 


345 


301 


511 
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Table 3 
SW^MAHY DATA 
FOR 

POSITION (P) THRRBLIG 
Profile 



OPiSR 


1 


2 


3 


A 


5 


6 


7 


8 


9 




R 


7 


5 


12 


8 


23 


lA 


16 


16 


13 


A 


Y 


U.l 


11.9 


23. A 


27.2 


19.5 


13.1 


14.6 


12.3 


20.6 


B 


R 


7 


lA 


3 


11 


lA 


8 


18 


15 


31 


Y 


6.1 


16.1 


8.1 


9.3 


13.0 


6.9 


14.0 


11. A 


21.8 




R 


15 


10 


15 


21 


13 


25 


18 


10 


lA 


C 


Y 


IV. 0 


19.0 


18.8 


27.7 


23.7 


15.6 


12.7 


18.5 


21.6 




R 


lA 


22 


31 


21 


16 


29 


35 


9 


11 


D 


Y 


26. A 


28.8 


27.2 


17. A 


28.0 


23.6 


32.9 


24.1 


25.5 




R 


12 


18 


15 


30 


15 


27 


35 


11 


84 


E 


Y 


30.8 


31. C 


32.2 


27.3 


25.8 


26.0 


25.0 


23.7 


51.0 




R 


38 


35 


22 


15 


37 


22 


21 


21 


31 


F 


Y 


33. A 


32.9 


3A.6 


31.8 


29.1 


29.3 


26.7 


15.1 


3A.A 




R 


16 


19 


9 


17 


2A 


21 


24 


23 


21 


G 


Y 


15.3 


26.9 


18.7 


19. A 


21.7 


19.9 


35.8 


16.0 


19.6 


H 


R 


16 


13 


11 


12 


11 


12 


12 


8 


lA 


Y 


18.2 


20.5 


13.8 


21.0 


2A.A 


19. A 


17.5 


lA.O 


18.6 




R 


5 


11 


9 


15 


8 


lA 


16 


22 


26 


I 


Y 


19.5 


23.0 


22.9 


28.1 


11.2 


16.5 


U.5 


24.6 


32.1 




R 


12 


11 


11 


11 


20 


23 


14 


13 


86 


J 


Y 


16. A 


20.7 


20.0 


23.6 


20.7 


29.4 


23.6 


15.7 


35.2 


K 


R 


10 


23 


36 


23 


18 


40 


19 


21 


26 


Y 


20.1 


18.0 


25.7 


23.2 


10. 8 


30.8 


21.2 


20.0 


19.2 




R 


28 


32 


36 


39 


29 


36 


23 


37 


20 


L 


Y 


2A.8 


28.3 


19.8 


24.1 


27.3 


28.3 


18.8 


15.5 


16.1 


M 


R 


13 


8 


18 


11 


19 


17 


30 


19 


29 


Y 


26.7 


28.8 


28.2 


35.9 


29.1 


37.3 


26.8 


29.1 


A3. A 


N 


R 


6 


16 


10 


12 


15 


9 


23 


19 


21 


Y 


13.7 


20.9 


22.0 


30. A 


19.8 


22.9 


25.5 


16.0 


32.3 


R. 


i 


199 


237 


238 


2A6 


262 


297 


30A 


244 


A27 
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Table U 
SUIQURY DATA 
FOR 

ASSaffiLR (A) TKiRBLIG 



Profile 



OPER 


1 


2 


3 


4 




R 


22 


90 


52 


92 


A 


Y 


52.7 


79.9 


93.0 


117.6 


B 


R 


39 


84 


71 


80 


Y 


78.1 


105.1 


116.2 


149.2 




R 


35 


70 


68 


91 


c 


Y 


87.7 


112.8 


112.5 


101.6 


D 


R 

Y 


26 

85.6 


79 

100.6 


63 

110.2 


114 

106.9 




R 


91 


79 


85 


92 


E 


Y 


71.8 


96.4 


110.7 


145.4 




R 


27 


38 


69 


58 


F 


Y 


88.3 


131.6 


125.3 


155.9 




R 


53 


65 


104 


100 


G 


Y 


86.8 


96.1 


119.2 


127.5 


H 


R 


45 


33 


69 


71 


Y 


69.5 


61.9 


66.7 


84.7 




R 


21 


44 


36 


91 


I 


Y 


65.9 


99.8 


90.3 


134.5 




R 


31 


37 


61 


67 


J 


Y 


39.4 


65.6 


62.9 


111.0 




R 


15 


35 


78 


60 


K 


Y 


65.8 


92.6 


101.3 


121.0 




R 


71 


44 


51 


65 


L 


Y 


81.8 


79.8 


88.3 


95.2 




R 


16 


22 


4? 


91 


M 


Y 


65.9 


75.6 


102.7 


102.2 


N 


R 


38 


87 


67 


49 


Y 


61.1 


109.8 


106.5 


83.2 


R. 


j 


530 


807 


921 


1121 



5 


6 


7 


8 


9 


80 

99.3 


52 

83.8 


56 

84.4 


72 

95.8 


116 

122.8 


113 

132.0 


102 

114.5 


57 

78.0 


84 

127.1 


104 

151.3 


109 

124.0 


94 

142.1 


60 

133.0 


67 

125.5 


108 

150.8 


64 

126.4 


62 

112.9 


96 

134.8 


72 

114.4 


123 

123.3 


62 

109.8 


108 

122.9 


64 

119.3 


105 

126.4 


54 

173.0 


67 

153.6 


81 

146.9 


38 

136.9 


57 

147.8 


95 

157.5 


83 

122.2 


46 

110.3 


58 

136.5 


76 

147.1 


118 

1C7.9 


84 

122.1 


96 

122.6 


30 

97.4 


49 

94.5 


78 

136.7 


40 

97.8 


80 

119.4 


96 

132.3 


53 

114.4 


93 

148.0 


50 

117.2 


82 

92.1 


74 

85.1 


66 

86.8 


114 

121.1 


52 

113.9 


48 

99.2 


114 

111.5 


88 

110.9 


70 

164.6 


71 

92.8 


55 

96.8 


68 

88.6 


51 

83.3 


120 

163.1 


XT" O 

• 

o 


91 

129.6 


55 

116.6 


43 

119.3 


121 

151.4 


34 

77.9 


42 

105.2 


63 

104.6 


103 

94.8 


97 

138.2 


959 


1039 


929 


986 


1411 



3a 



Table 

bUMI-lAitY DATA 
FOR 









POSITION AND ASSEMBLY (P+A) 


THERBLIGS 
















Profile 










OPER 


1 


2 


3 


4 


5 


6 


7 


8 


9 




R 


28 


91 


38 


95 


103 


44 


52 


74 


115 


A 


Y 


66.8 


91.8 


116.4 


144.8 


118.8 


96.9 


99.0 


108.1 


143.6 


B 


R 


37 


77 


72 


80 


106 


102 


60 


74 


101 


Y 


8A.2 


121.2 


124.3 


158.5 


145. C 


121.4 


92.0 


138.5 


151.3 




R 


32 


77 


88 


98 


115 


93 


58 


47 


ICl 


c 


Y 


106.7 


131.8 


131.3 


129.3 


14'’. 7 


157.7 


145.7 


144.0 


172.4 


D 


R 


37 


79 


61 


121 


65 


73 


87 


77 


lOA 


Y 


112.0 


129.4 


137.4 


124.3 


154.4 


136.5 


167.7 


138.5 


148.8 




R 


94 


78 


86 


117 


71 


130 


100 


108 


121 


E 


Y 


102.6 


127.4 


142.9 


172.7 


136.6 


148.9 


144.3 


148.1 


224.0 




R 


47 


59 


71 


69 


66 


75 


46 


57 


117 


F 


Y 


121.7 


164.5 


159.9 


187.7 


182,7 


175.2 


163.6 


162.9 


191.9 




R 


43 


65 


100 


112 


82 


52 


76 


77 


108 


G 


Y 


102.1 


123.0 


137.9 


147.9 


143.9 


130.2 


172.3 


163.1 


127.5 


H 


R 


53 


27 


80 


71 


82 


100 


39 


53 


74 


Y 


87.7 


82.4 


80.5 


105.7 


146.5 


142.0 


114.9 


108.5 


155.3 




R 


24 


35 


34 


105 


39 


76 


96 


59 


86 


I 


Y 


85.4 


122.8 


113.2 


162.6 


109.0 


135.9 


146.8 


139.0 


180.1 


T 


R 


24 


50 


61 


77 


51 


69 


48 


64 


105 


J 


Y 


55.8 


86.3 


82.9 


134.6 


137.9 


121.5 


108.7 


102.5 


156.3 


K 


R 


12 


49 


99 


71 


53 


63 


125 


96 


80 


Y 


85.9 


110.6 


127.0 


144.2 
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130.0 


132.7 


130.9 
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T 


R 


55 


66 


46 


48 


73 


58 


75 


45 
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L 


Y 
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108.1 
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K 


R 


21 


26 


52 


90 


63 


88 


66 


44 
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Y 
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130.9 
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N 


R 


38 


90 


67 


48 


23 


37 


74 


88 
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Y 
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j 
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1202 
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963 
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26 
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72 
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39 
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10 
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22 
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17 


15 
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35 


17 


12 
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12 


10 


16 
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9 


lb 
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b9 
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12 
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90 
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65 
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53 
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91 
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19 


11 


11 


13 


13 


11 


13 


53 


70 
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27 


30 


22 


21 


22 


21 


18 


30 


12 
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oO 
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95 


o6 
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52 
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95 
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95 
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38 
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11 
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17 


lo 


11 


13 


12 


b7 


5 


13 .9 


2o 


32 


25 


25 


2o 


22 


21 


32 


8 
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90 
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83 
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75 
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92 
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life 
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95 
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39 


11 


39 


11 


33 


37 


12 


C 


UC.J 


18 


21 


28 


29 


28 


22 


5 


28 
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72 


81 
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U6 
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96 


6b 
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80 
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90 
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71 
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5o 


oO 


0/ 


55 


UU 


52 


38 


00 
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11 


L 


11 
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* 


21 


1 


18 


lb 
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91 
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ni 


59 
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52 
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?C 


U2 
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135 
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71 
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5? 


18 


u7 
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2 . 




50 


50 


b9 


5^ 


58 


55 
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50 


12 


58 


16 
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*' 


11 


11 
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15 


8 


0 


11 


23 


18 
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i 


lb 


t> 




17 
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iU 


02 


l\i 






50 


7o 
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79 
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^1 


73 


7b 


50 
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56 
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112 


61 


96 
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05 


81 
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90 
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65 
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52 


9^^0 
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TL 


19 


17 


50 


55 


58 


72 


13 


15 


36 


57 


51 


19 


17 


18 


dO 


36 


72 


3o 
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15 


11 


8 


5 


18 


5 


15 


23 


lo 


11 


12 


7 


8 


22 


22 


7 


23 


lb 


12.3 


A 


B5 


76 


109 


71 
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81 


o7 


78 


81 


81 
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92 


70 


o7 
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72 


95.8 
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89 
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79 
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101 


S3 


92 


93 


91 
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92 


79 
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71 
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TL 


96 


56 


90 


78 


66 


81 
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71 


05 


95 


7b 


92 


95 
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65 
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15 
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19 


2b 


19 
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18 


28 


15 


25 


18 


21 


19 


17 
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15 


28 


13 


20.8 
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122 


86 
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176 


71 


70 
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— 


70 
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P#-A 
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89 


91 


205 
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— 


91 
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'‘^Min, Max, R, and Y are for columns 3 to 12 only. 
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0 


10 


11 
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3 
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9 
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59 


61 


64 


17 


24 


21 


14 


74 


94 


314 


8U 


91 


313 


l/V. 


94 



68 


65 
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9 


39 


143 


137 


149 
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9 
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94 


95 


67 


65 


12 
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8 
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192 
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5 

93 
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12 
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13 
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15 
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61 


63 


4; 


60 
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3 


5 


3 


iO 
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77 


53 
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39 
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82 


66 
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62 


58 
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3? 


7.4 


16 


'4,:' 


12 


31 
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1C 


24 


14 
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84 
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74 
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91 
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77 
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65 


62 


66 


7 
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93 
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86 
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81 


65 


95 


30 


.1 
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11 
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97 
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p 


l4 
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8C 
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62 
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13 
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PL 
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77 
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* 
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1 


24 


13 


6 


13 


Is 
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19 


K 

A 
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7^ 


62 


63 


5? 


76 


93 


77 


90 


r 
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86 


76 


63 
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8 ? 
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TL 
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87 


36 


89 


62 
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65 


92 


79 


p 


8 


8 


14 


10 


11 


7 


4 


19 


15 


A 
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113 


84 
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97 
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98 


139 


117 


104 


172 
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TL 
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97 
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in 
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114 


P 


9 


7 


8 


10 


21 


34 


22 


39 


25 


A 


138 


79 
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90 


79 
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86 
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104 
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64 


e; 


99 
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31 
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87 


81 


84 


81 


98 


17 
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9 


13 


12 


17 


22 


20 


4 


19 


15 
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84 
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84 


127.1 
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98 
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74 


138.5 



93 


89 
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99 


93 


89 
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33 
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19 


20 


20 


2? 


19 


19 


8 


39 


31 
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79 


183 


1C4 


129.5 


131 
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57 


04 
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62 


61 
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70 


50 


64 


70 


57 


71 


14 
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F 


15 


18 


20 


15 


21 


21 


20 


20 


28 


15 


17 


13 


25 


10 


28 


13 


28 
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82 


86 


80 
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32 


31 


88 
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71 
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81 


70 


82 


76 


71 


106 


35 
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86 
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94 


95 


92 
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86 
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68 


61 


65 


71 
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60 
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61 


64 


70 


56 


56 


64 




56 


71 


15 


64.2 


P 


15 


17 


14 


18 


15 


24 


19 


19 


19 


22 


19 


21 


27 


28 


— 


14 


24 


10 


19.0 


A 

rt 


102 


IC^L 


75 


137 


103 


130 


104 
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92 
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70 
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89 
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134 
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81 
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APPIJJDIX D 



STATISTICAL ANALYSIS 
I — Computation of Analysis of Variance 



-A mixed factorial design without replication based on the mean 
values of times was emoloyed for the analysis of variance. The factoi’ 
of Operators was a random effect, whereas the factor of Profiles was 
considered to be a fixed effect. The sample problem outlined below 
was based on the Transport Loaded (TL) therblig summarized in Table 1. 

1. Computation of Average Range (H..) 



^ ^ R 

R.. , JLJ Li 

op 



where R. . - 
Rij = 

o = 

P = 

Example : R . . 



Average range 

Range for a particular cell 
number of operators 
number of profiles 



= 19.31.- = 17.24 

( 14 )( 8 ) 



2. Computation of Correction Term (C.T.) 



C.T. 




where T. . ; total of all values for the o x p celis 
N *t o X p = total number of cells 



Example: C.T. r (7385.1’)^ - 486,961.63 

(14)(8) 



5 /. 



3. Computation of sum of squares due to Profiles (P) 

Z T " 

P r 1 'M - C.T. 

o 

where T.j ; sun for each of the o rows 
Example: P r 6. 891. 862. C5 - C.T. 

Hi 

- 492,275.80 - C.T. = 5314.23 

4. Computation of s\im of squares due to Operators (C) 




P 



where T^ ^ sum for each of the p columns 

P = 3.962.498.79 - C.T, 

8 

495,312.35 - C.T. - 8350.72 

5. Computation of sum of squares due to Interaction (O x P) and 

Error 

OxP(Error) z ^ ^ - P - 0 - C.T. 

where Yj^j z value of mean in each cell 
Example; OxP : 504921.41 - P - 0 - C.T. 

- 4294.83 

6. Computation of the Total sum of squares 

T r P •». 0 + OxP 



17959.78 
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7. Computation of degrees of freedom: 

Source of Variation Formula Degrees of Freedom 



T N 

0 o 

P P 

OxP(Erix>r) (o - 



- 1 


111 


- 1 


7 


- 1 


13 


l)(p - 1) 


91 



8, Comoutation of mean squares for the sources of variation 

Mean square (MS) ; Sum of squares (SS) 

Degrees of freed cm { d . f . ) 

Example: MS (0) - 8350.72 - 6/*2.36 

13 

9. Computation of the F^ values for the variation due to Profiles 

The F^ values for the Profile source of variation were 
c 

obtained by determination of the ratio between t)ie means 
squares for the Profile effect and for the Interaction- 
plus -Error effect 

Example: F - 759.18 - 16.08 

47.20 

10. Comparison of computed F^. values and tabulated F values 

F values for particular levels of significance were ob- 
tained from Dixon and Massey^ by entering the appropriate 
table with degrees of freedom for the profile and inter- 
action sources of variation. 

‘'(. 010 ) 

'’(.025) = =•'•3 
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11. Estimate of the mean square due to Error 

_ 2 

An estimate of 0 g was obtained from the formula: 
(5” ^ - / R V where d^ was the factor for the central 

' ’Ua) 

line of the control chart for ranges. 



Example : 
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Table 20 

VERIFICATION OF HOMOGENEITY OF VA.tIANCES 



3-sigina control limits for Ranges 
Upper limit - 
Central line - R 
Lower limit z 



for sample of size 
n - 10 



r :: 1.777 

( r 0.223 







Profiles 1-9 




Profiles 1-8 


Therblig 


R 


Control Limits 


R 


Control Limits 


TL 


19. A 


UCL - 3L.5 
LCL - 4.3 


17.24 


UCL - 30.6 
LCL - 3.8 


P 


19.5 


UCL - 34.6 
LCL - 4.3 


18.10 


UCL - 37.2 
LCL - 4.0 


A 


69.0 


UCL -122.8 
LCL - 15.4 


65.11 


UCL -115.7 
LCL - 14.5 


P+A 


71.3 


UCL -126.5 
LCL - 15.9 


67.30 


UCL -119.6 
LCL - 15.0 
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Table 21 

ANALYSIS OF VARIANCE TABLES 



Transport Loaded (TL) Therblig 



irce of Variation 




ss 


hE 




Profile 


7 


5314:23 


759. 


,18 


Operator 


13 


8350.72 


642. 


.36 


0 X P (Error) 




4294.83 


47. 


,20 


Total 


111 


17959.78 







(Te^ r 31.36 



Position (P) Therblig 



irce 'of Variation 






IE 


Profile 


7 


391.97 


56.00 


Operator 


13 


2760.78 


212.37 


0 X P (Error) 


_2i 


2032^1 


22. 56 


Total 


111 


5205.50 





(T/ s 34.57 



Assemble (A) Therblig 



Source of Variation 




SS 




Profile 


7 


23862.99 


3409.00 


Operator 


13 


23066.26 


1774.33 


0 X P (Error) 


_2i 


16398.43. 


180.20 


Total 


111 


63327.(^6 




= 447.32 








Position-and-Assemble (P-A) 


Therblig 






Source of Variation 




SS 




Profile 


7 


25502.99 


3643.28 


Operator 


13 


30370.84 


2336.22 


0 X P (Error) 


_51 


12.26^81 


211.76 


Total 


111 


75141.70 




(Te^ i 477.86 








** - Significant at 1^ Level 






T s Significant at 2. 


5 % Level 







c 

16.08 







18.92 






F 

c 



17.20 
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Table 22 

INTERMEDIATE DATA FOR ANALYSIS OF VARIANCE 



Transport Loaded (TL) Therblig 



Profiles 


Y.. 1 


2 


3 


4 


5 


6 


7 


8 




807.7 


839.3 


862.3 


878.0 


869.7 


1001.6 


1059.3 


1067.2 


Operators 


: Yi. A 


B 


C 


D 


£ 


F 


G 


H 




373.5 


581.1 


594.0 


506.3 


603.1 


614.6 


571.6 


491.7 






I 


J 


K 


L 


M 


N 








492.4 


429.2 


573.9 


520.6 


568.7 


463.9 




R. . 


= 17. 2L 






0 


- 495, 


312.35 


- C.T. 




Y.. 


= 7385.1 






p 


r 492, 


275.86 


- C.T. 




Yi i 


r 504, 921. U 




OxP (Error) 


= 504, 


921.41 


- 0 - P 


- C.T. 


C.T. 


s 486,961.63 






T 


= 17959.78 













Position 


(D) Therblig 








Profiles 




1 

284.5 


2 

326.8 


3 

315.4 


4 

346.4 


5 

304.1 


6 

319.0 


< 

309.6 


8 

250.0 


Operators 


4- 


A 

136.1 


B 

84.9 


C 

155.0 


D 

208.4 


E 

219.8 


F 

232.9 


G 

173.7 


H 

148.8 








I 

160.3 


J 

170.1 


K 

169.8 


L 

186.9 


K 

241.9 


N 

171.2 




R.. 

Y.. 

v2 

C.T, 


r 18.10 

= 2459.8 
= 59228.86 

= 54,023.36 




0 

P 

OxP (Error) 
T 


r 56,734.14 - 
z 54,415.33 - 

- 59,228.36 - 

= 5205.5 


C.T. 

C.T. 

0 - P - 


. > <TV 

• i • 
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Table 22 (Continued) 



Assemble (A) Therblig 



Profiles /. , 


1 2 


3 6 


5 6 


7 


8 


J 


1000.6 1307.6 


1605.8 1635.9 


1603. C 1598.3 : 


1559.0 


1588.1 


Operators Yj^, 


A B 


C D 


E F 


G 


H 




706.5 900.2 


939.2 891.8 


902.7 1086.3 


965.7 


719.6 




I 


J K 


L M 


N 






856.6 


660.1 816.2 


706.6 825.9 


763 . 1 




R. . = 


65.1 


0 


2 1,266,901.67 


- C.T. 




Y.. - 


11,698.1 


P 


r 1,265,693.20 


— • T t 




y 2 - 
^ ij = 


1,285,162.87 


QxP (Error) 


= 1,285,160.37 


- 0 - 


P - C.T 


C.T. - 


1,221,835.21 


T 


= 63,327.66 







Position and Assemble (P+A) Therbligs 

Profiles Y.j 123656 7 8 

1286.9 1636.6 1721.2 1983.3 1908.1 1916.5 1368.6 16U?.l 

Ooerators Y^. ABCDEF G H 

862.6 985.1 1096.2 1100.2 1123.5 1318.2 1120.6 868.2 





I 


J K 


L M 


N 




1016.7 


830.2 986.0 


893.5 1067.8 


916.5 


R. . = 


67.3 


0 


= 1,820,371.88 


- C.T. 


Y.. , 


16,159.1 


P 


= 1,815, 50/.. •00 




y2 

= 

“ 


1,865,166.71 


QxP (Error) 


r 1,365, 16/.. 71 


- 0 - P 


1,790,001.01 


T 


= 75,163.70 





1 



( i 




The T-reliminary steps followed that of ar.alysis of variance 
technique outlined above. For the roinainder of the re-^resslon anal- 
ysis, the data used were oaned on the posit ion-and-^assenbiy (PhA) 
tL’nes for parts JJfos. 2, 3, 4, and 6. 

The general equation for a linear reg,z'esoion curve is of the 

r\ ^ 

form: *“ wiiere bQ is the mean of the deooad^’nt 

variable (Y)., the slope of the linear regression line, and X the 
raean of the independent variable (X). By use of a regression iirr>, the 
source of variance, duo to the profile effect, can be souarat^^d ix*to 
(l) tnat due to linear regression and (2) that due to departure from 
linear rtgreasion, 

''' -y 

Related conatanls “t| ^ and r' give the perctntage of variation in 
y -flrhich can be accounted for by a regression curve through the ceans 
of eacn colunn, and the percentage of variation which is accoai.te l ftu’ 
by the regression line used, resoectivelj'. 



1 . 




n 



_ . Profile f. r. 

Total - Untirator C, 



where o.S. - The auprooriate sum of squares fru^t the 



analysis of variance table. 






30S78.25 - 18121.00 







- 0 . 3 ^ 



62 



2. Computation of Correlation Coefficient Squared (r^) 



2 

r = Due to regression S.S. 



Total S.S. - Operator S.S, 



Example: r^ = U3 50 . 19 - 0.24 



18434.25 



3. Computation of sura products of X and Y [SP(XY)J 



SP(XY) = [n ^ yT. j X^ - J. . yT. .] 

Example: SP(XY) = [70(28373.8) - (9163.5) (224ll 

70 

- >66458.0 -949.40 

70 



4. Computation of slope of regression line (b^^) 



5. Computation of sum of squares due to regression 



Example: Due to reg. r (-949.40)^ - 4350.19 



6. Computation of sum of squares for deviation from regression 
Dev. from reg, ; Profile S.S, - Due to reg. S.S. 




Example: z -949.40 - -4.78 

207.20 




207.20 



Example: Dev, from reg. = 6224.51 - 4350.19 :: 1874.32 






Table 23 

RiVj.'tJ'TSSIUN Ar.ALTolLi 

AnalvsLs of Variance Table for iiegrosiii .’n 



Position-and-A^isemble (P+A) Therbligs 



Source of Variation 

Prof ile 

Due to reg. 
Departure froia reg. 
Operator 
0 X P (Error) 

Total 



df 

U 

13 

69 



1 

3 



i,35C.I9 
1,B7U.32 
13, 12^. CO 

3o,'.?S.2^ 



KS 

1,356.13 
u, 3 AO. 19 
6C.t.'’7 
1,39A.15 
235.19 



A . or 
i8..'*5’ 
2.66^ 






Significant at level 

H Not significant at 1% level of significance and therefore can 



issuae linearity of regression 



n 



^ = 0.3A 



0.24 






Table 2.. 



INTbiy-^iDlATo DATA 



FoK :ili(i;irIJDI01. ANALTblS 



Profile 



Tj_(Xi; 



2 


3 


6 


4 


1634.4 


1721.2 


84 


56 


504 


22a 


9306.4 


6884. S 


116.7 


122.9 



4 


5 


3 


2 


1983.3 


1909.1 


42 


23 


126 


56 


5949.9 


3816. 


141.7 


136. 3 



6 

1 

yf.. 

lA . . 

14 £x,- 

191t.5^yl jX^ 
I3t.9 ' 



f... - 


9163.5 


0 


= 


1,236,145.85 


P 


^ . A • ~ 


1,199,567.60 


OxP (Error) 



Total 



1,217,691.60 - C 
1,205,792.-1 - C 

1,236,145.^5 - 0 
36.5?e.25 



SS(X) :; 207.20 

SP(XY) = -949.40 



Profile 





oo 


y’^i* 


1234.9 


V 


91.7 



r 9io»,5 
r 224 
: 924 
- 23373.8 



,T. 

O' 

• • • 

- P - O.T 
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Kymograph 

Counter 

Turntable 

Variable Speed Drive 

Micro switches: 
Counter circuit 
Detection circuit 

Proximity Device: 
Relay 

1 

Transformer 
Gla switch 

Magnet 

Photo Electric Relay: 
Relay 

Light source 
Transformer 



APPENDIX E 



EQUIPMEl'JT SPECIFICATIONS 



6 channel constant speed tape recorder 
115 volt 

Lafayette Instrument Company 
Model B - 120506 

6 digit reset counter 110 volts 
Veeder-Root, Inc. 

Model VLV/13 Gear Reductor 

Gear Ratio 16:1 

Boston 

Type 29MR5 

115/230 volt 0-220 R.P.M. 

Graham Transmission, Inc. 



Model GRL-5 SPST 
Model BZ— 2RW82 SPOT 

Contact ratings: 10 amps at 125 volts 

Micro Switch - Division of Minneapolis- 
Honeywell 



Series 200 AC Relay Contact Type G 
6 volt coil 

Guardian Electric Man’xfacturing Co. 
Filament Transfonner P-6134 
117 volt primary; 6.3 volt secondary 
Chicago Standard Transformer Corp. 
E -5600 Dry-Heed Switch SPST operated 
by external magnetic field 
10 watt AC load at 115 volts 
The Revere Corporation of America 
Hyfiux Alnico VI 3/4" x 5" 

Indiana Steel Products Company 



Type 30 Relay using 925 Photo Cell 
117 volt 

Campus Electronic Shop, Purdue University 
6-8 volt - 6 candle power bulb 
General Electric Corp. 

Filament Transformer P6l34 

117 volt primary; 6.3 volt secondary 

Chicago Standard Transfonner Corp. 




Thesis 

S336 



3S140 

nvestigation of the 

-s of syrometry m 
trial assembly 



\ 



scheth, 33140 

An investigation of the 
effects of symmetry in 
industrial assembly operations. 



